Among the reactions of simple alkylating agents with DNA, the formation of O6-methylguanine is thought to be the most significant for mutagenesis (7, 19, 28, 33) . Upon exposure to sublethal concentrations of alkylating agents, such as N-methyl-N'-nitro-N-nitrosoguanidine (MNNG), Escherichia coli undergoes an adaptive response which is characterized by an increase in resistance to killing and mutagenesis by challenge with higher concentrations of MNNG (5, 33) . Adaptation apparently results from induction of synthesis of 06-methylguanine DNA methyltransferase (27) and perhaps repair activity for other lesions (3) , including a glycosylase that removes alkylated purines (10, 21, 37) .
06-methylguanine is removed from E. coli DNA by in situ demethylation with 06-methylguanine DNA methyltransferase (11) , which acts stoichiometrically in that it is inactivated by the demethylation reaction (32, 34) , the methyl group being transferred to a cysteine residue in the enzyme (27, 31) . Mitra et al. (29) have shown that unadapted E. coli contains 13 to 60 methyltransferase molecules per cell, whereas fully adapted E. coli contains up to about 3,000 molecules per cell (11, 32) .
Cells of Bacillus subtilis are much more resistant to MNNG than unadapted E. coli cells (15, 20) . We have shown that B. subtilis also contains a methyltransferase similar to the enzyme in E. coli. We have measured the constitutive level of the enzyme in B. subtilis and have found that it is approximately 10 times higher than the level in unadapted E. coli cells. Furthermore, adaptation in B. subtilis results in an approximately 10-fold increase in methyltransferase activity and an increase in resistance to both killing and mutagenesis by challenge with a high concentration of MNNG.
MATERIALS AND METHODS
Bacterial strains. The B. subtilis 168 strains used in this study were GSY1026 (trpC2, metB4 [17] ), ORB161 (hisH2, metB4 [14] ), BC36 (originally Mu8u5u5 thr-5, leuA8, metB5 [12] ), and SB5 (hisAl, trpCI, pyrAl [18] ).
Growth and adaptation. the liquid growth medium used was a supplemented minimal medium containing modified Spizizen salts (4), 0.5% glucose, 0.1% Casamino Acids (Difco Laboratories, Detroit, Mich.), and 20 ,ug of each required supplement per ml. Cells were grown overnight in this medium and then diluted 50-fold into fresh medium. All growth incubations were carried out with shaking at 37°C.
When the culture reached a Klett turbidity reading (red filter) between 25 and 45, it was divided, and the appropriate amount of MNNG (Aldrich Chemical Co., Milwaukee Wis.; freshly dissolved in 0.05 M sodium acetate buffer, pH 5.5) was added. For the experiment shown in Table 1 , chloramphenicol (Sigma Chemical Co., St. Louis, Mo.) was added at a concentration of 50 ,ug/ml. All cultures were harvested at Klett readings between 150 and 200; if necessary, the cultures were diluted with warm medium to keep them from entering stationary phase.
Preparation of extracts. Extracts were prepared by a modification of the method of Mitra et al. (29) . Cells were harvested by centrifugation and suspended in 0.2 M NaCl, 0.3 mg of lysozyme (Sigma) per ml, and 0.2% Brij 58 (Atlas Chemical Ind., Wilmington, Del.). After incubation at 37°C for 15 min, by which time lysis had occurred, the culture was centrifuged for 60 min at 40,000 rpm in the 50Ti rotor of a Beckman model L5-50 ultracentrifuge.
Assay of 06-methylguanine-DNA methyltransferase. The assay for methyltransferase activity in cell extracts, in which poly(dC,dG,[8-3H]m6dG) was used as the substrate, was carried out as described previously (29) , except that reaction mixtures (100 ,ul) contained 2 pmol of 06- [8-3H] methylguanine (contained in polymer), 5 mM dithiothreitol, and 100 pLg of bovine serum albumin per ml. In the experiment shown in Fig. 1A , the extracts contained 1 mM phenylmethylsulfonyl fluoride, and the reaction mixtures contained 50 ,uM phenylmethylsulfonyl fluoride.
Mutagenesis by MNNG. Cells were diluted twofold into warm growth medium containing MNNG at twice the desired final concentration. After the incubation period, the cells were harvested by centrifugation, suspended in 0.15 M NaCl-0.015 M sodium citrate (pH 7.0), diluted, and spread onto nutrient agar (Difco) or supplemented minimal agar (2) .
RESULTS
Measurement of O6-methylguanine-DNA methyltransferase activity. The enzyme assay used depends on measuring the appearance of radioactive guanine in acid hydrolysates of a DNA substrate made with radioactive m6G (11) . The methyltransferase reaction is stoichiometric in E. coli (11, 27, 31, 34) . To demonstrate that this reaction is stoichiometric in B. subtilis, we have shown that (i) the reaction stops before the substrate is exhausted, (ii) the extent of the reaction depends on the amount of enzyme added, (iii) preincubation of the enzyme under reaction conditions does not significantly inactivate the enzyme, and (iv) 3H-labeled methyl groups are transferred during the reaction from DNA to a component (presumably protein) which is removed from solution by extraction with phenol. Figure 1A shows the time course of guanine production by an extract of induced B. subtilis cells. The reaction was essentially over at 60 min, although less than one-half of the substrate was consumed in the reaction. When the substrate was in excess, addition of more extract renewed the reaction to an extent proportional to the amount of extract added (data not shown). Therefore, the plateau in guanine production did not represent exhaustion of substrate, but must indicate that the enzyme was inactivated.
The dependence of guanine production on the concentration of the extract is shown in Fig. 1B These results are consistent with the hypothesis that the reaction is stoichiometric rather than catalytic. Further evidence was provided by an experiment that showed that thermal inactivation alone could not account for the decrease in activity after 30 min of reaction. In this experiment the enzyme was incubated under reaction conditions for 30 min before the substrate was added, and incubation was then continued for an additional 30 min. In two experiments the preincubation decreased the activity of the enzyme by only about 10% compared with a 30-min reaction with enzyme that had not been preincubated.
This result was confirmed by using another assay, whose details will be described elsewhere (Mitra, (Fig. 3) . After exposure to 10 and 20 ,ug of MNNG per ml, the amount of methyltransferase per cell was reduced considerably compared with the amount after exposure to 5 ,ug/ml. A similar response has been observed in E. coli, although in a different concentration range. This response probably reflects inactivation of the induced enzyme by m6G that accumulates in the DNA at the high MNNG concentrations.
To show that the increase in methyltransferase activity was the result of de novo synthesis of the enzyme, we compared the activities of extracts made from cells induced in the presence and absence of chloramphenicol (Table 1) . Whereas the specific activity of methyltransferase increased about 30-fold during a 90-min exposure to 5 ,g of MNNG per ml in the absence of chloramphenicol, addition of 50 ,ug of chloramphenicol per ml prevented the increase. Instead, the methyltransferase initially present was almost entirely inactivated by the inducing treatment.
Biological consequences of methyltransferase induction. Induction of the enzyme correlated with increased resistance to MNNG. To measure the effect of adaptation on resistance to killing, log-phase cells were exposed for 90 min to 5 ,ug of MNNG per ml and then challenged with 100 ,ug of MNNG per ml (Fig. 4) . The adapted cells were more resistant to MNNG than the unadapted cells.
The effect of methyltransferase induction on mutagenesis by MNNG was also studied. The enzyme was induced by exposing the cells to 5 pug of MNNG per ml for 90 min. The cells were then challenged with 100 ,ug of MNNG per ml and tested for reversion from hisH2 to His' (strain ORB161) or from pyrAl to Ura+ (strain SB5) (Fig. 5) . The rate of accumulation of revertants was about 10-fold higher in the unadapted cells than in the adapted cells for both the hisH2 mutation and the pyrAl mutation. The difference in reversion frequency was in good agreement with the difference in the levels of methyltransferase in adapted and unadapted cells. The hisH2 and pyrAl mutations are both missense mutations. However, the thr-5 and metB5 mutations are nonsense mutations (12) . A guanine-to-adenine transition cannot result in reversion of a nonsense codon, because guanine-to-adenine transitions in any nonsense codon can only lead to another nonsense codon. Therefore, revertants of thr-5 and metB5 should be due to either suppressor mutations or products of reactions at sites other than the 06 position of guanine. Because thr-5 and metB5 are suppressible by the same suppressors (12), any suppressors should appear as double revertants, and any excess of single-site reversions should indicate the proportion of mutagenic events at sites other than the 06 position of guanine. Figure 6 shows the results of an experiment in which strain BC36 was mutagenized with 100 ,ug of MNNG per ml with or without prior adaptation by exposure to 5 p,g of MNNG per ml for 90 min. There was no detectable excess of single revertants (Thr+) over double revertants (Thr+ Met'), even when the number of suppressor mutations was reduced by the adaptive responses. Thus, it is clear that either m6G is the only significant promutagenic methylation product in B. subtilis or repair activities for other base lesions are coordinately induced along with the 06-methylguanine-DNA methyltransferase.
DISCUSSION
By using an assay specific for the conversion of m6G to guanine in DNA, we have demonstrated the presence of an activity in B. subtilis which is similar to the 06-methylguanine-DNA methyltransferase activity found in E. coli. The extent of in vitro reaction of this protein with m6G in DNA substrates was proportional to the amount of extract added, and the reaction stopped before the substrate was exhausted. Termination of the reaction was not a result of thermal inactivation of the protein, because incubating the extract before adding substrate did not change the initial rate of the reaction. These are properties characteristic of the 06-methylguanine-DNA methyltransferase of E. coli (27, 29, 31) . However, the reaction of the B. subtilis protein was considerably slower than the reaction carried out by E. coli extracts (11 Fig. 4 were also plated onto defined agar medium containing methionine (strain ORB161) or tryptophan and histidine (strain SB5) to determine the frequency of revertants among the survivors of exposure to 100 ,ug of MNNG per ml. Symbols: 0, ORB161 (not adapted), His'; A, SB5 (not adapted), Ura+; 0, ORB161 (adapted), His'; A, SB5 (adapted), Ura+. calculated number of methyltransferase molecules per cell and the specific activity (expressed as picomoles of m6G removed per milligram of protein) increased during exposure to the adapting dose of MNNG, as a result of de novo enzyme synthesis. The maximum level was observed after about 2 h of induction, and the highest level of adaptation was observed with an inducing dose of 5 ,ug/ml. The relative increase in the calculated number of molecules per cell was 10-to 12-fold, and the increase in specific activity was about 10-fold, in reasonably good agreement.
B. subtilis cells are typically resistant to higher concentrations of MNNG than E. coli cells. For example, Jeggo et al. (20) reported about 10% survival of unadapted E. coli WP2 after a 5-min exposure to 100 ,ug of MNNG per ml. The survival of unadapted B. subtilis was about 85% after a 5-min exposure to 75 jig of MNNG per ml (15) and about 75% after a 5-min exposure to 100 ,ug/ml (Fig. 4 and 5) . These values are comparable to those reported for adapted E. coli cells (20) , again showing a good correlation between survival and the number of methyltransferase molecules per cell. In some strains of E. coli the adaptive responses to mutagenesis and to killing by MNNG are separable, and it appears that adaptation to killing involves primarily a glycosylase specific for alkylated purines (10, 21, 37) and a DNA polymerase I-dependent repair pathway (20) . The induction of a glycosylase may account for the increased DNA polymerase Idirected synthesis in toluene-treated MNNGadapted cells (3) . We have no data that bear on this point in B. subtilis.
The effect of methyltransferase induction on mutagenesis should depend on the mutation studied. The reduction in yield of mutants by 06_ methylguanine-DNA methyltransferase depends on the role of m6G as a promutagenic lesion, but there must also be a guanine in the target codon. Mutations caused by reactions at other guanine positions or other bases should not be sensitive to that enzyme. Both the hisH2 mutation and the pyrAl mutation were reverted by MNNG in adapted and unadapted cells, but the reversion frequencies in adapted cells were considerably lower than the reversion frequencies in unadapted cells. This suggests that m6G is important in reversion of these mutations and, thus, that a guanine-to-adenine transition restores function at these sites.
The fact that suppressor mutations were sensitive to the adaptive response implies that they also can be produced by guanine-to-adenine transitions. In contrast, no direct reversion of nonsense mutations was detected. Because guanine-to-adenine transitions cannot reverse nonsense mutations, this implies that at most, a few percent of the MNNG-induced mutations could have occurred as a result of alkylation at positions other than the 06 position of guanine. Hill et al. (15) concluded that true revertants of the suppressible hisH101 mutation were induced by MNNG, because these revertants did not show suppression of metB101. However, some spontaneous suppressors of thr-5 and metB5 suppress hisH101 but do not suppress metB101 (Hadden, unpublished data) . In addition, metB101 appears to be reverted or suppressed only infrequently as a result of exposure to MNNG (Hadden, unpublished data) . Therefore, it is likely that the His' revertants observed by Hill et al. (15) were in fact suppressor mutations of the kind that do not suppress metB101.
It is not clear what evolutionary advantage there might be to the high constitutive level of the methyltransferase in B. subtilis. The most reasonable possibilities seem to be the rather unlikely possibility that there is a high probability that the cells encounter agents which methylate the 06 position of guanine in their natural habitat (the soil) or that the activity which we measured is only one of several reactions carried out by the enzyme. For example, antibiotics produced by other soil organisms might make addition products to the DNA which are susceptible to the enzyme. At this time, we do not have any evidence either to support or to disprove the hypothesis that the methyltransferase might be active on other substrates. However, some such phenomenon could explain both the high constitutive level of the enzyme and the apparently slow reaction kinetics shown in Fig. 1A .
Evidence from several sources has led us to speculate that extensive clustering of MNNGinduced mutations in the same region of the genome may be related to adaptation. Kimball and Setlow have suggested that promutagenic lesions caused by MNNG are repaired and that in order for mutations to occur, the damaged DNA must be replciated before the repair process is completed (23) (24) (25) (26) . This hypothesis explains the observations that genes near an active replication fork at the time of MNNG treatment are mutated at a higher frequency than genes far from the replication fork in both B. subtilis (35) and E. coli (6) and that mutations tend to be closely linked, or clustered, in some microorganisms (13, 30) . We suggest that anything that enhances the repair of promutagenic lesions should amplify these replication-dependent phenomena. In particular, organisms with a high level of 06-methylguanine-DNA methyltransferase (either constitutive or induced) should show more pronounced polarity and clustering of mutations. In support of this hypothesis, clustering of mutations has been reported in E. coli (13, 16) and B. subtilis (30, 35) , in which the enzyme is inducible, whereas treatment with chloramphenicol during mutagenesis prevents induction of the methyltransferase and increases both mutant yield and the proportion of unlinked mutations (36) . In contrast, Saccharomyces cerevisiae lacks both the methyltransferase (Foote, and Mitra, unpublished data) and an adaptive response to mutagenesis by MNNG (F. Larimer, personal communication), and in this organism MNNG-induced mutations are not clustered (8) . Similarly, in Haemophilus influenzae clustering was not observed among mutations induced by MNNG (25) , no adaptive response to MNNG or enhancement by chloramphenicol was observed (24) , and the methyltransferase is not inducible (E. Waldstein and J. K. Setlow, personal communication). Furthermore, fixation of mutations by replication of methylated DNA occurs over a long period of time in Haemophilus, ruling out any direct involvement of the replication fork in mutagenesis (1, 25, 36) . Perhaps because of other repair processes, mutagenesis does depend to some extent on the position of the replication fork in all of these organisms (6, 8, 25, 26, 35) , as well as in Paramecium aurelia (23) . Thus, clustering of mutations is better correlated with methyltransferase activity than with dependence on the replication fork. In ada mutants of E. coli there is no adaptive response to MNNG (19) , and methyltransferase activity is low and cannot be induced (22, 29) . An additional implication of our hypothesis is that in these strains, comutation at distant sites should be higher relative to comutation at closely linked sites than it is in Ada' cells.
